The limits on time-reversal invariant tensor-type weak currents from nuclear and neutron β decays are evaluated including most recent experimental data. We find that −0.14 × 10
I. INTRODUCTION
The standard model of particle physics prescribes that electro-weak interactions are mediated by vector and axial-vector currents. However, several theories dealing with deficiencies of the Standard Model predict chiralityviolating scalar and tensor currents. An example are lepto-quarks which are predicted by many unification models and could provide a natural explanation for the remarkable cancelation between the quark and lepton contributions to triangle anomalies [1] . Other ideas, such as left-right symmetric models, aimed at a natural explanation for parity violation [2] , and supersymmetric models [3] [4] also scalar and tensor currents. The V − A structure of the weak currents was established in the late 1950's by measurements of nuclear β decay correlations. More recently precision measurements of nuclear and neutron beta decays [5] [6] [7] [8] , pion decays [9] , and searches at collider experiments have been pursued in search for non-VA components of the weak currents.
There are reasons to believe that chirality violating interactions, if they exist, are far smaller than current limits. Some of these arguments involve considerations of the fact that they would not be renormalizable if they existed at the fundamental level. Instead, they could come as the result of exchanges of, for example, supersymmetric particles but these scenarios yield tiny contributions [4] . Other limits come from considering the necessary contributions of chirality-violating interactions to neutrino masses [10] . Both of these are model dependent. In this paper we only consider direct limits coming from kinematic observables.
Recently, the authors of refs. [11] [12] [13] have presented a unified Effective Field Theory framework to compare lowand high energy probes in search for exotic weak currents. Under the assumption that the new physics emerges at a higher energy scale than the production threshold of the LHC, low-and high-energy probes can be compared in a rather model-independent way. It is shown there that presently low-energy experiments are competitive in constraining tensor or scalar currents that couple to left-handed neutrinos. For tensor currents they indicate that the limits coming from radiative pion decays [14] are more stringent than those coming from nuclear beta decays.
In this article we present limits on tensor-type weak currents from nuclear and neutron β decays, taking into account recent experimental data and show that the combined limits from nuclear beta decays are actually more stringent than those from pion decays. Note that limits from from neutron β decays alone have recently been presented in ref. [15] .
II. FORMALISM
Following Jackson, Treiman, and Wyld [16] we parameterize the nuclear β decay hamiltonian in terms of coupling constants C i and C ′ i for each of the possible V, A, S, and T currents [17] :
where the operators are:
We separated the sum in the hamiltonian of Eq. 1 into the vector and axial-vector parts, allowed in the standard model and conserving chirality, and the scalar and tensor parts, which violate chirality. We restrict our present analysis to only left-handed components for the standard model currents, i.e. assume C V = C with m e the electron rest mass, p e (p ν ) and E e (E ν ) the electron (neutrino) momentum and total energy, and J the parent nuclear spin. The dependencies of the correlation coefficients b F ierz , A β , a βν , etc. on the coupling constants in Eq. 1 are listed in [18] .
The analysis of Refs. [11] [12] [13] parameterize their interactions in terms of quark-level scalar and tensor effective couplings, ǫ S and ǫ T coupling to left-handed neutrinos, andǫ S andǫ T coupling to right-handed neutrinos. For the present analysis of the nuclear data we use C V = C ′ V and C A = C ′ A and the two sets of coupling constants are related by
where g S and g T are nucleon form factors. These have been calculated using Lattice QCD calculations [11, 19, 20] and are shown in Table I . Precision experiments in TABLE I. Nuclear and pion form factors from calculations. Note that the quoted error bar on the results of Ref. [19] and [20] does not include systematic errors [21] .
0.97(12) 1.04(2) [20] 0.66 (24) 1.09(5) [22] 0.24 (4) pion decay observables can also be used to search for tensor currents. The observable in pion radiative decay is sensitive to a product similar to Eq. 4 except that there is a pion form factor f π T instead of the nucleon form factor g N T . The pion form factor has been calculated in Ref. [22] . The nucleon form factors were calculated using a renormalization scale of 2 GeV, while Ref. [22] used 1 GeV for the pion. Extending the latter to 2 GeV increases the pion form factor by about 5% [23] . Nevertheless, for the analysis presented in this paper, we set g N T ≡ 1, and f π T ≡ 0.24 and ignore the uncertainties in "translating" pion to nuclear-decay observables. Including the uncertainties decreases the sensitivity of the pion observables when looking at limits on the nuclear-framework couplings we use in this paper. The uncertainties in the form factors make the nuclear limits worse when looking at the quark couplings because presently the uncertainties in the pion form factor are smaller than those for the nucleon form factors. This shows that work on producing more precise nucleon form factors is important.
III. DATA SET
The neutron lifetime τ n and β asymmetry parameter A 0 can be used to determine V ud (e.g. [7] and [24] ). However, due to the strong Gamow-Teller character of the neutron decay, the measurements can also be seen as sensitive probes for a tensor-type interaction. We adopt the 2012 Particle Data Group (PDG2012 [25] ) selection; in addition, we include the most recent averages for the UCNA [26] and PERKEOII [27] experiment (Table II) . All quoted values for A 0 include a O(1 %) correction for weak magnetism, g V − g A interference, and nuclear recoil [28] , and a O(0.1 %) radiative correction [29] . In our use of τ n , we adopt the phase space factor of [28] and the overall electro-weak correction factor of [30] . Note that we use the individual data points and their reported errors in our analysis. The inconsistency of the neutron lifetime data is discussed in e.g. Ref. [25] and [31] . In this paper, the effect of this spread on the obtained limits is illustrated in Fig. 4 .
For nuclear β decays, a limited selection was made of experiments most sensitive to tensor and scalar interactions (Table II) . The value for the β-asymmetry parameter, A β , of 60 Co [32] includes a recoil correction [33] . The βν-correlation, a βν , results of Ref. [34] and the value of the βν correlations for 6 He of Ref. [35] and for 32 Ar [34] include the radiative corrections of Ref. [36] . For the βν correlation of 38m K recoil and radiative correction were estimated to be < 10 −4 [37] . A non-zero value of the b F ierz due to scalar weak currents would manifest as a isotope dependent variation in the corrected f t-values of the 0 + →0 + super-allowed Fermi transitions. The extraction of b F ierz from the F t values from these transitions is described in Ref. [38] . We choose not to include the result of ref. [39] because their bounds are dominated by the limited knowledge of the recoil-order corrections.
Experiments on radiative pion decays (Bolotov et al. [40] and PIBETA Ref. [41] ) have observed discrepancies with the expected spectra which could be interpreted as possible evidence for tensor currents [42] . However, this was contested by Ref. [43] . Moreover, more recently the PIBETA collaboration published more precise data with a wider kinematic coverage and showed good agreement with the Standard Model expectations [14] . The upper limit from this last measurement are shown in Fig. 1, 2 , and 3.
IV. METHOD
Using the expressions from [18] , a general χ 2 function is constructed in terms of C V , C A , C S , C ′ S , C T , and C ′ T . We fix C V using the corrected log f t's from the 0 varied at each point to minimize χ 2 . For each point the probability density function is computed as e −χ 2 /2 /N , where N is a normalization so the sum of all probabilities yields unity. The confidence level contours were obtained as the loci of constant χ 2 that have a probability such that the sum of all points with higher probabilities, i.e. smaller χ 2 , yield the desired probability (68%, 90%, and 95% for the plots shown in this paper). The 1-D confidence intervals were calculated from the projected probability density surfaces.
V. RESULTS Fig. 1 shows confidence-level contours for C T and C ′ T from nuclear β decays excluding neutron decay data. These nuclear-only limits are dominated by the a βν of 6 He and the relative polarization measurements of Ref. [44] . Combining this data with the neutron lifetime and β asymmetry further tightens the limits for a tensor interaction coupled to left-handed neutrinos as shown in Fig. 2 . In order to compare with data from radiative pion decay [14] we project the limits from nuclear decay onto the C T + C ′ T axis. As can be seen the nuclear decay limits are comparable to those from pion decays. The 90 % C.L. intervals on the 1-D projections are −0.14 × 10 Fig. 3 shows limits for the tensor and scalar currents assuming they couple only to left-handed neutrinos (C ′ T = C T and C ′ S = C S ), with the limits on C S dominated by the b Fierz 0 + → 0 + super-allowed transitions. The corresponding 90% C.L. for C S and C T are −0.1 × 10 −2 < C S /C V < 0.3 × 10 −2 and −0.0 × 10 −2 < C T /C A < 0.4 × 10 −2 . For this 3-parameter fit, the limits on tensor currents from β-decays are more stringent than those from pion decays and are in agreement with the evaluation of ref. [15] . The value of λ ( = C A /C V ) at the minimum χ 2 , −1.2753 (6) , is consistent with the PDG2012 recommended value of −1.2701 (25) .
Nuclear β decay data from Table II without neutrondecay information form a consistent data set (p-value of 0.4 for Fig. 1 ). In contrast, there is a large spread in the neutron decay data (Tab. II). Fig. 4 illustrates the sensitivity of the obtained limits to inconsistencies in neutron data by adopting the two different values for τ n , the 2010 Note that including the most recent neutron data, with A 0 dominated by the the PERKEOII and UCNA experiments and the PDG2012 τ n , significantly tightens the limits on tensor currents coupled to left-handed neutrinos (Fig. 4) . This also manifests in more than two times tighter limits on C T /C A compared to the previous evaluation Ref. [5] in the 3-parameter fit.
VI. CONCLUSIONS
Present β-decay data is consistent with
This conclusion is in agreement with previous evaluations (e.g. Boothroyd et al. [64] and Severijns et al. [5] ) and is independent of possible inconsistencies in the neutron decay lifetime or in the asymmetry parameter.
The limits from nuclear and neutron β decays are more stringent than those from pion decays. As shown in Fig. 5 , a future correlation-parameter measurement with an uncertainty of 10 −3 in neutron or selected nuclear decays where the higher-order corrections are under control, would significantly improve the discovery potential. This would surpass the sensitivity of the current and future LHC experiments for new physics emerging at a higher energy scale than the production threshold [12, 65] . In addition, a reduced theoretical uncertainty of the nucleon and pion form factors would enable a combined analysis of all low energy data to further constrain tensor-type weak currents. 6 He at 0.1% [62] or of the Fierz interference term bF ierz to 10 −3 in 6 He or neutron decays [63] . In the formalism of Eq. 3, the current LHC limits from Ref. [12] are |(CT + C ′ T )/CA| < 6 × 10 −3 and
